In this paper we study the acoustic transients emitted during the collapse of a laser-induced cavitation bubble. A 150MHz bandwidth fiber optic probe hydrophone, resolves complex signals produced during the non-spherical collapse of the bubble near a rigid boundary. Simultaneous high-speed video recording up to 200,000 frames/s are correlated with the hydrophone trace. Additionally, we employ an intensified CCD-camera to record snapshots of the shock waves. The acoustic signal contains several pressure peaks with rise times as fast as 18 ns; they correspond to shock waves emitted as the bubble is reaching its minimum volume. For a limited range of standoff parameter values, 1.8 ≤ γ ≤ 5.0, the strength and time of emission of the first and the second emitted shock waves are related. The maximum radii of the bubbles tested are between 560 µm and 760 µm. We obtain peak pressures of up to 1 kBar during the collapse phase for the bubbles collapsing closes to the boundary.
Introduction
Acoustic measurements are important in diverse fields of science and engineering; however, the measurements of transient acoustics is not trivial, especially in non-linear acoustic fields, where very fast rise times and high pressures are present. For instance, focused ultrasound waves as those used in lithotripsy peak pressures of a few hundred bars and rise times of less than 50 ns are typically encountered. For this challenge Staudenraus and Eisenmerger [1] developed a fiber optic probe hydrophone (FOPH) that uses the reflected light at the tip of a glass or polymer fiber to deduce the local pressure. Over time this device gained acceptance and became ISO standard to measure intense acoustic fields [2] [3] [4] [5] [6] , yet it lacks sensitivity. Therefore, to increase the signal-to-noise-ratio averaging of 20 and up to 1000 waveforms has been reported [2] . However, important details varying between experiments which are real and would deserve a closer look may be removed. In this paper we present single acoustic pressure measurements with a FOPH and reveal how the emitted shock waves at the collapse of the bubble depend on γ. Also, we present the pressure developed by single cavitation bubbles that collapse near a solid boundary.
Experimental setup
A schematic diagram of the test section is portrayed in figure 1a . It consists of a modified acrylic cuvette inside which a pulsed laser beam (green Q-switched Nd:YAG laser, pulse duration 6 ns) is focused to create single cavitation bubbles at specific locations from a solid boundary. The optical arrangement is similar to a setup previously reported [7] ; however, in the current setup we sample a small portion of the laser beam energy, ~4%, to accurately detect the time when the laser beam appears. The rising signal from the photo diode (see figure 1a ) triggers the data acquisition by the oscilloscope (LeCroy HRO64Zi 2GHz 12-Bit) and the pressure generated during the cavitation event is recorded by a fiber optic probe hydrophone, FOPH (690 ONDA, 150 MHz bandwidth). The 125 µm tip of the fiber was inserted into the test section through a small hole of 0.6 mm in diameter, and positioned with a 3-axis stage at a distance d from the bubble inception location. A pulse delay generator (Berkley Scientific, BNC model 575) triggers and synchronizes the laser and the high-speed camera (Photron SAX-2) coupled to a 60 mm macro lens (Nikor) at full magnification (resolution 20 um per pixel). The scene is illuminated with mildly diffused light from a LED fiber optic lamp (REVOX SLG 150V). The shockwaves emitted during the bubble expansion or collapse are recorded with an intensified 12 bit CCD camera (PCO Dicam Pro). With this camera single images with a minimum exposure time down to 3ns can be captured. There we increase the spatial resolution to 2.2 µm/pixel by coupling the camera to a long distance microscope (Infinity CF-4). A circular aperture placed in front of a light emitting diode (Cree CBX 1512) was used for illumination and to record shadowgraphs of the emitted shock waves.
10th
For larger γ values where the collapse is quasi spherical the involution of the bubble takes place approximately in a radial fashion thus the pressure peaks emitted are strong; however, when the bubble collapses close to a boundary, γ ~ 0.9, the jet penetrates through it before it has reached its minimum volume. As the jet impact on the wall it spreads radially transferring kinetic energy into circulation, forming a system of vortex rings. There the compression of the bubble content is less violent and sound emission diminished [15] . Figure 7a depicts how the acoustic emission decreases for γ = 0.9.
Conclusion
We have presented single acoustic pressure measurements of the acoustic transients emitted during the non-spherical collapse of laser-induced cavitation bubbles near a rigid boundary. The data is recorded for a range of stand-off parameters, far from the boundary, γ ~ 5, down to the collapse next to the boundary, γ = 0.1. The results show that strength of the shock waves emitted, namely the shock wave emitted due to the jet impact on the opposite wall of the bubble, Pjet and the tip bubble shock wave, Ptip, are a complex but comprehensible function in the range 1.8 ≤ γ ≤ 5.0. This information we think is suitable for comparison with simulations to unravel the interaction leading to cavitation induced material damage.
